Hydrogen turnover in hepatic metabolites begins with the transport of water across the plasma membrane (1, 2) . Cytosolic water is then distributed rapidly among different subcellular organelles (3, 4) experiencing a variety of enzyme catalyzed exchange reactions which replace stereospecifically, the preexisting metabolite hydrogens with those from subcellular water (5, 6) . The turnover completes when replaced metabolite hydrogens return to intracellular water through the same exchange reactions, eventually leaving the organelle and the cell. Classical studies analyzed the exchange between specific hydrogens of metabolites and those of the solvent, providing well established tools to investigate the kinetic mechanisms of enzymes in vitro (6, 7) . Similarly, tritiated or deuterated water were used to probe metabolic turnover of fatty acids and carbohydrates (8, 9) . However, the exchange of specific hydrogens from hepatic amino acids, like glutamate or aspartate, with hydrogens from intracellular water or its potential metabolic implications remained less explored. 13 C NMR techniques have been used routinely in the last decades to investigate the turnover of individual metabolite carbons in vivo or in vitro in animals and humans by administering precursors selectively enriched in 13 C (10, 11) . Notably, most metabolite carbons are attached to one or more hydrogen atoms, a circumstance which should allow to extend the use of 13 C NMR to analyze hydrogen turnover. To this end, we proposed earlier a double isotope labeling strategy which combined the administration of a 13 C-labeled substrate and 2 H 2 O, monitoring hydrogen-deuterium exchange at steady state through the analysis of the geminal and vicinal 1 isotopic shifts or 2 H- 13 C couplings detected in observable 13 C resonances by high resolution 13 C NMR (5, 12) . The present study reports on the kinetics of enzyme-catalyzed exchange of metabolite hydrogens with deuterons from intracellular heavy water with an emphasis on the exchanges occurring in the H2 and H3 hydrogens of hepatic [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]glutamate and [3- H exchange in the H2 and H3 hydrogens of glutamate and aspartate depicted very rapid components, occurring significantly faster than previously reported time courses of 13 C labeling in the neighboring carbons (13) (14) (15) (16) (17) . The quicker time scale allowed to resolve in time, faster processes than previously accessible to conventional experiments of 13 C turnover. In particular it became possible to observe directly ␣-ketoglurate/glutamate exchange and oxalacetate/ aspartate exchange as well as to follow in a time resolved manner, the sequence of events involved in the traffic of these metabolites through mitochondria and cytosol ex vivo. Preliminary accounts of this work have been reported (18, 19) . * This work was supported in part by Grants SAF 2001-2245 from the Spanish Ministry of Science and Technology (MCT), Grants 08.1/ 0023/97 and 08.1/0046/98 from the Community of Madrid (to S. C. and P. B.), and strategic group Grant 2000 -3 from the Community of Madrid (to P. B.). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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EXPERIMENTAL PROCEDURES
Perfusion Techniques and Experimental Design-Male Swiss albino mice (30 Ϯ 5 g) starved for 24 h but having access to drinking water ad libitum were used as donors. Mouse livers (2.5 Ϯ 0.5 g) were isolated and perfused outside the magnet as described previously (12, 13, 20) . Briefly, animals were anesthetized with Nembutal (50 mg kg Ϫ1 body weight), the abdomen opened and the portal vein cannulated. During cannulation and subsequent surgery, livers were pre-perfused in the flow-through mode with Krebs-Ringer bicarbonate (KRB) buffer (119 mM NaCl, 24 mM NaHCO 3 , 4,7 mM KCl, 1,2 mM MgSO 4 , 1,2 mM KHPO 4 , 1,3 mM Ca 2 Cl, 95% O 2 , 5% CO 2 , pH 7.4, Ϯ0.04; 37°C; 6 ml/min). After isolation of the liver from the animal carcass, the perfusion medium was changed to 6 mM [3-
13 C]alanine (99.9% 13 C, Isotec Inc., Miamisburgh, OH) in KRB under recirculating conditions for 30 min. This time was sufficient to achieve steady state 13 C labeling in glutamate, aspartate, and alanine carbons (12, 13, 21) . After this equilibration period the perfusion medium was changed to 6 mM [3- 13 (21) . At the end of the perfusion, livers were freeze-clamped with aluminum tongs precooled in liquid nitrogen and stored at Ϫ70°C until extraction. Perchloric acid extracts from these livers were prepared, neutralized with KOH, lyophilized, and resuspended in 2 H 2 O (99.9% 2 H) prior to high resolution 13 C NMR analysis (12) . Total contents of glutamate, aspartate, and alanine of liver extracts obtained at the end of the perfusions were determined by automatic ionic exchange chromatography after ninhidrin derivatization (22) . Hepatic oxygen consumption due to alanine oxidation was measured polarographicaly using Clark oxygen electrodes located before and after the liver in the perfusion circuit, correcting for the basal rate of endogenous oxygen consumption (23) .
High Resolution 13 C NMR-Extracts from livers were analyzed (pH 7.2, 22°C) by 13 C NMR at 14.09 T (150.9 MHz) using a Bruker AMX-600 NMR spectrometer (Bruker Analystische Messtechnik, Rheinsteten, Germany). Acquisition conditions (150.9 MHz) were: /3 pulses, 33.3 KHz sweep width, 128 K data table (1.97 acquisition time), 7.97-s recycle time, and ϳ600 scans. To minimize nuclear Overhauser effects in quantitation, broad band proton decoupling was applied only during the acquisition. In addition, 1 H-decoupled and 2 H-decoupled 13 C NMR spectra were obtained from the same samples at 11.9 Tesla with a Bruker AVANCE 500 NMR Spectrometer operating at 125.76 MHz for 13 
where the concentration of the different ( 1 H, 2 H, 13 C) isotopomers is given as a relative contribution to the total C2 glutamate or C3 aspartate resonances observed as indicated in Fig. 3 ; k 1(Ϫ1) Ϫ k 7(Ϫ7) refer to the apparent pseudo-first order rate constants of the reactions depicted in Fig. 1 and f 1 -f 7 denote the relative input-output fluxes required to maintain steady state conditions in the system, respectively. Optimal values for these parameters were estimated by nonlinear fitting of the kinetics of deuteration in the different ( 1 H, 2 H) isotopomers of [2- 13 C]glutamate and [3-13 C]aspartate (cf. Fig. 5 ). Briefly, the system of differential equations was provided with an initial set of estimated parameters which was successively refined iteratively by minimizing the squared difference between calculated and mean experimental values of relative deuteration for every investigated isotopomer in each time point. For this purpose, we used the Stella package for simulations of system dynamics (High Performance Systems, Hanover, NH) as implemented in a desktop Pentium III platform and the BMDP package (BMDP Statistical Software Inc., Los Angeles, CA) as implemented on a Alpha 2100 mainframe computer (Digital Corp., San Diego, CA). Fig. 2 13 C multiplet patterns revealing characteristic and time-dependent increases in deuteration. These spectra were obtained at 14.09 Tesla, a field which improved considerably earlier results both in terms of sensitivity and resolution (12 Fig. 5 with the model shown in Fig. 1 . This model describes the dynamics of exchange of the H2 and H3 hydrogens of [2- 13 C]glutamate or [3- 13 C]aspartate by intracellular heavy water deuterons, starting from the perprotonated molecules. The best fits for the kinetics of individual ( 13 C, 1 H, 2 H) isotopomers, obtained as described under "Experimental Procedures," are illustrated by the different lines in Fig. 5 . A good agreement between calculated and experimentally measured values can be observed in every case. The apparent rate constants and input-output fluxes optimized in this way are summarized in Table I .
RESULTS

H-2 H Exchange in Hepatic Metabolites as Detected by 13 C NMR-
Notably, the kinetics for the exchange of some of the hydrogens shown in Table I are significantly faster than previously measured values of turnover from the neighboring 13 C carbon, indicating that these hydrogens turn over several times during a single 13 C turnover (13, 15, 25, 26) . This is the case of the H2 hydrogens of glutamate and aspartate. In previous experiments of mouse liver perfusion performed under the same conditions, [3- 13 C]alanine-labeled the C2 and C3 carbons of glutamate with apparent rate constants of 0.07 Ϯ 0.02 and 0.06 Ϯ 0.01 min Ϫ1 and aspartate C2 and C3 with apparent rate constants of 0.15 Ϯ 0.02 and 0.033 Ϯ 0.003 min Ϫ1 , respectively (13 perfusion. However, the steady-state deuteration of these carbons is reached after 10 -15 min of perfusion only (Fig. 5) . As indicated in Table I , the exchange of H2 glutamate occurs with a rate constant of the order of 0.3 min Ϫ1 , approximately five times faster than the turnover of the geminally attached 13 C2 carbon. Moreover, in addition to the fast exchange of glutamate H2, it is possible to measure also a slower exchange process of the H2 glutamate hydrogen, occurring only in those glutamate molecules deuterated in H3Ј (see [ Figs. 3-5) . DISCUSSION During the course of metabolism hydrogen atoms from hepatic glutamate and aspartate are exchanged with those of intracellular water by distinct enzymes (5, 12, 27, 28) . The H2 hydrogens of aspartate or glutamate are exchanged mainly by aspartate and alanine aminotransferases and glutamate dehydrogenase (28 -31). The H3 proS hydrogen of glutamate (in the ␣-ketoglutarate skeleton) may be exchanged either reversibly by cytosolic isocitrate dehydrogenase (NADP) or irreversibly by mitochondrial isocitrate dehydrogenase (NAD) (32) . The glutamate H3 proR hydrogen is exchanged by cytosolic and mitochondrial aconitases (6, (33) (34) (35) and glutamate H4 hydrogens are exchanged by citrate synthase (36) . In the case of aspartate, the H3 proR hydrogen is exchanged by both cytosolic and mitochondrial fumarases while the H3 proS hydrogen can be traced with equal probablity to the H2 or H3 hydrogens of fumarate and succinate or to the H3 and H4 hydrogens of ␣-ketoglutarate (34, 37) . Present results show that the kinetics of the 1 H-2 H exchange of the H2 and H3 hydrogens of glutamate and aspartate can be conveniently followed by high field 13 C NMR and occur in some cases significantly faster than the previously measured time courses of 13 C enrichment (13, 25, 26) . The next sections show that the faster timescale and ubiquitous location of 1 H-2 H exchange enzymes, together with the exclusive mitochondrial location the tricarboxylic acid cycle, allows to investigate the exchange of ␣-ketoglutarate/glutamate or oxalacetate/aspartate between mitochondrial and cytosolic compartments with more detail than previously possible with classical experiments of 13 C turnover. [3- 13 C]Alanine Metabolism-The hepatic metabolism of alanine and [3- 13 C]alanine has been covered in several classical studies (38 -41) . [3- 13 C]Alanine is transported to the cytosol and transaminated to [3- 13 C]pyruvate. In the fasted liver, [3-
H-2 H Exchange and Subcellular Compartmentation during
13 C]pyruvate enters the mitochondrial tricarboxylic acid cycle mainly through pyruvate carboxylase, originating 13 C]glutamate occurs between mitochondria and cytosol, associated mainly to the malate aspartate shuttle as described in Fig. 6 . Briefly, [ 13 C]glutamate enters the mitochondrial matrix through the aspartate/glutamate exchanger, returning later to the cytosol as [
13 C]␣-ketoglutarate through the dicarboxylate carrier after tricarboxylic acid cycle metabolism (40, 42, 43) . Coupled to the exit of [
13 C]␣-ketoglutarate, [ 13 C]malate enters the matrix though the dicarboxylate carrier, leaving it later as [ 13 C]aspartate through aspartate/ glutamate exchanger (42) . If under steady-state conditions of 13 C metabolite cycling, intracellular water is substituted partially by 2 H 2 O, deuterons from heavy water will become almost instantly available for exchange with the H2 and H3 hydrogens from both mitochondrial and cytosolic [ 13 C]glutamates and aspartates or the corresponding ketoacid precursors. This is so because 2 H 2 O transport to cytosol or mitochondria proceeds in the millisecond or microsecond range, a much faster rate than that measured in this work for the 1 H-2 H exchange reactions (cf. Fig. 5) (1, 3, 5) . However, the exclusive mitochondrial location of pyruvate carboxylase, succinate dehydrogenase, and citrate synthase will make those irreversible 1 H-2 H exchanges and 13 C exchanges associated to the operation of the tricarboxylic acid cycle to occur only in the mitochondria.
Hydrogen-Deuterium Exchange of H2 and H3 GlutamateThe time courses of deuteration of the H2 and H3 hydrogens of [2- 13 C]glutamate, as detected by 13 C NMR (Fig. 5 ) support the exchange of ␣-ketoglutarate/glutamate through cytosol and mitochondria as depicted in Fig. 6 . A crucial observation is that the H2 and one of the H3 hydrogens from [2- 13 C]glutamate are shown to be replaced successively at two different rates, fast and slow (Fig. 5) . This indicates necessarily that H2 and H3 deuterons incorporated initially in the fast processes (noted with f in Fig. 6 ) must be removed before the slow deuteron from the solvent (noted with s in Fig. 6 ) occupies, at a later stage, the same position in the carbon skeleton of ␣-ketoglutarate/glutamate. In the case of the H2 deuterations of [2- 13 C]␣-ketoglutarate, the formation of [2-13 C, 2-2 H]glutamate occurs first while the slower H2 deuteration occurs always after one (or both) H3 hydrogens of [2- 13 C]ketoglutarate have been replaced by deuterium (cf. Fig. 5 (Fig. 6, s, Post) . The reductive amination process of ␣-ketoglutarate requires previously the formation of mitochondrial [4- 2 H S ]NAD(P), resulting probably in a slower and smaller contribution to H2 deuteration of glutamate than transamination (28, 44) .
Stereospecific Exchange of the H3,H3Ј Hydrogens of Glutamate- 13 C NMR is not able to resolve directly the stereochemistry of the single deuterations of the proR and proS H3 hydrogens of [2- 13 C]glutamate from the vicinal and geminal isotopic shifts observed in the C2 resonance (cf. Figs. 4 and 5 ). However, it is possible to infer the stereospecificity because the presence of substituents in the 3-R or 3-S configuration of the amino acid is known to have important consequences on the aminotransferase catalyzed exchange of H2 (28, 45) . H3 substituents in the erythro-configuration with the amino group inhibit transamination probably because of a steric hinderance, while H3 substituents in the threo-configuration have no significant effect Table I . Multiplicities are abbreviated as indicated in Fig. 1 Concluding Remarks-The results described in this study may present more general implications. Classical 13 C NMR approaches to cerebral, cardiac, and hepatic metabolisms used 13 C turnover of glutamate carbons to determine flux through the tricarboxylic acid cycle and associated anaplerotic reactions. Rate-limiting roles of citrate synthase (v tca ) and a fast and complete equilibration of all intracellular ␣-ketoglutarate/ glutamate pools by aspartate aminotransferases (v x ) and across the mitochondrial membrane were initially assumed in brain, heart, and liver (14 -16, 26, 46) . Model calculations provided in these cases values for v x in the range from 1 to 72 times faster than v tca . More recently, further modeling approaches proposed glutamate/oxoglutarate exchange and transport across the mitochondrial membrane as the rate-limiting step of [
13 C]glutamate turnover in perfused heart (47-51) with v x values closer to unity or even smaller (17, 48) . The hydrogen turnover experiments reported here provide direct information on the relative rates of aspartate aminotransferases and the tricarboxylic acid cycle through the specific deuteration reactions observed in the H2 and H3 hydrogens of [ 13 C]glutamate. Our results show that intracellular ␣-ketoglutarate/glutamate exchange can now be resolved at least in two kinetically different components. A fast component involves H2 exchange of the ␣-ketoglutarate/glutamate couple in the cytosol, proceeding approximately five times faster than the tricarboxylic acid cycle rate (v xc Ϸ 5 v tca ). A slower component involves deuteration of the H3 proR or H3 proR and H3 proS hydrogens of glutamate requiring ␣-ketoglutarate/glutamate transport through the mitochondrial membrane and the operation of the tricarboxylic acid cycle (v xm Ϸ 1). Some kinetic limitation precludes the equilibration of the mitochondrially produced 2 H3 R and [3-2 H 2 ]glutamates with the complete cellular glutamate pool. However, it is not possible at present to determine which process, tricarboxylic acid cycle, exchange through the mitochondrial membrane, or other, is limiting the formation of the slow components of [ 13 C, 2 H]glutamate labeling. In summary, this study shows that careful analysis of 2 H-13 C couplings and 2 H-induced isotopic shifts observed by 13 C NMR in the C2 glutamate and C3 aspartate carbon resonances reveals accurately the exchange by deuterium of the neighboring H2 and H3 hydrogens. This provides a wealth of information on hepatic ␣-ketoglutarate/glutamate and oxalacetate/aspartate exchange and their subcellular compartmentation. The proposed ( 1 H, 2 H, 13 C) approach may be easily extended to alternative metabolites and additional carbons, other metabolic pathways or to different tissues.
